Malignant gliomas including glioblastoma multiforme (GBM) and anaplastic astrocytomas are the most common primary brain tumors. Despite multimodal treatment including surgery, chemotherapy, and radiation, median survival for patients with GBMs is only 12 to 15 months. Identifying molecules critical for glioma progression is crucial for devising effective targeted therapy. In the present study, we investigated the potential contribution of astrocyte elevated gene-1 (AEG-1) in gliomagenesis and explored the possibility of AEG-1 as a therapeutic target for malignant glioma. We analyzed the expression levels of AEG-1 in 9 normal brain tissues and 98 brain tumor patient samples by Western blot analysis and immunohistochemistry. AEG-1 expression was significantly elevated in >90% of diverse human brain tumor samples including GBMs and astrocytic tumors, and also in human glioma cell lines compared with normal brain tissues and normal astrocytes. Knockdown of AEG-1 by small interfering RNA inhibited cell viability, cloning efficiency, and invasive ability of U87 human glioma cells and 9L rat gliosarcoma cells. We also found that matrix metalloproteases (MMP-2 and MMP-9) are involved in AEG-1-mediated invasion of glioma cells. In an orthotopic nude mouse brain tumor model using primary human GBM12 tumor cells, AEG-1 small interfering RNA significantly suppressed glioma cell growth in vivo. Taken together, these provocative results indicate that AEG-1 may play a crucial role in the pathogenesis of glioma and that AEG-1 could represent a viable potential target for malignant glioma therapy. Mol Cancer Ther; 9(1); 79-88. ©2010 AACR.
Introduction
Globally, cancers of the brain and nervous system account for 1.7% of new disease, representing 189,000 cases annually and resulting in 142,000 deaths (1) . More than one third of these cases are gliomas that arise from glial cells (1) . Malignant gliomas, including glioblastoma multiforme (GBM) and anaplastic astrocytomas, are the most common primary brain tumors in the United States (2) . GBM is a highly aggressive and neurologically destructive tumor that frequently colonizes the cerebral hemispheres. Its ability to rapidly infiltrate the surrounding brain parenchyma contributes to its pathogenicity and resistance to conventional therapies. Glioma develops as a result of stepwise accumulations of multiple genetic alterations, which result in the activation of oncogenes and the inactivation of tumor suppressor genes (3) . The differential expression of these critical genes and their downstream effectors enables cells to override growth controls and undergo tumorigenic conversion and progression. Although, significant progress has been made in understanding the molecular mechanisms involved in the genesis and progression of glioma, prognosis and treatment of this tumor type continue to be bleak (4) (5) (6) . The current treatment for GBM includes a combination of debulking surgery when possible with chemotherapy and radiation therapy. Even with this multimodal regimen, prognosis for GBM patients remains poor with a mean survival of only 12 to 15 months (1, 7). Consequently, it is of great clinical value to identify specific molecular targets involved in glioma progression as well as novel therapeutic strategies that can exploit these altered pathways that regulate the development and evolution of this aggressive cancer.
Astrocyte elevated gene-1 (AEG-1), was originally cloned in our laboratory as a novel HIV-1-and tumor necrosis factor-α-inducible gene in primary human fetal astrocytes (PHFA; refs. 8, 9) . Mouse AEG-1 was cloned as a protein mediating metastasis of breast cancer cells to
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Cancer Therapeutics lung and was named metadherin (10) . Mouse/rat AEG-1 was also cloned by gene-trapping techniques and was named 3D3/lyric (11) . AEG-1 is a downstream target molecule of Ha-ras that mediates its tumor-promoting effects (12) . Overexpression of AEG-1 augments anchorage-independent growth and the invasion of HeLa, malignant glioma, prostate cancer, neuroblastoma, and hepatocellular carcinoma cells (13) (14) (15) (16) (17) . Conversely, inhibition of AEG-1 significantly inhibits these phenotypes in malignant glioma, neuroblastoma, and prostate cancer cells and in vivo metastasis of breast cancer cells to lung (10, 15, 17, 18) . Expression analysis revealed that AEG-1 expression is significantly elevated in melanoma, breast, and prostate cancer cells compared with their normal counterparts (9) . Recent studies indicate that AEG-1 expression is elevated in some solid tumors including prostate, breast, esophageal cancer, hepatocellular carcinoma, and neuroblastoma (15-17, 19, 20) . AEG-1 is also overexpressed at both mRNA and protein levels in human glioma cell lines compared with PHFA (9) . Additionally, AEG-1 expression is elevated in adult astrocytes displaying an aggressive glioma-like phenotype when injected into nude mice, resulting from sequential expression of SV40 T antigen, telomerase (hTERT), and T24 Ha-ras (9, 12) .
We recently observed that AEG-1 is frequently overexpressed in human brain tumors (18) . In the present study, we show that the expression of AEG-1 is a common event in central nervous system tumor development. AEG-1 is upregulated in various human glioma cells and surgical specimens of human brain tumors of diverse origin including malignant glioma and anaplastic astrocytomas, and its expression is increased with the progression of malignant glioma. Interestingly, AEG-1 expression is more profound at the invasive margin of malignant glioma tumors and is associated with markers of invasion and angiogenesis such as matrix metalloproteases (MMP)-2 and 9 and CD31. Additionally, we provide in vivo evidence that inhibition of AEG-1 prevents the growth of primary human GBM cells orthotopically implanted in athymic nude mice. In total, our results suggest that AEG-1 could be a potential therapeutic target for malignant glioma.
Materials and Methods
Cell Lines, Cell Culture, and Human Tissue Samples
Human malignant glioma cells U87, U251, U373, H4, and T98G cells were purchased from American Type Culture Collection. GBM-18 (G18) is an established cell line derived from a primary GBM patient sample (21) . Human primary GBM-6 and GBM-12 cells were described previously and were provided by Dr. C. David James (University of California, San Francisco, CA; ref. 22) . 9L is a rat gliosarcoma cell (23) . Cells were cultured in DMEM+F12 supplemented with 10% FCS in a 37°C incubator supplemented with 5% CO 2 . Normal PHFA cells, have been described previously (9) . Archival frozen human tissue samples, including 25 GBMs, 18 astrocytomas, 18 meningiomas, 19 oligodendrogliomas and oligoastrocytomas, 18 other brain tumor samples, and 9 samples of morphologically normal brain tissue, were obtained from the Department of Neurological Surgery, Columbia University. The use of these archival tissues in this study was approved by the Institutional Review Board of Columbia University.
Immunostaining
Frozen human tissue samples were fixed in formalin, embedded in paraffin, and sectioned and mounted on glass slides. The sections were deparaffinized and were permeabilized with 0.1% Triton X-100 in PBS for 30 min. Sections were then blocked for 1 h at room temperature with 5% goat serum and 1% bovine serum albumin in PBS and were incubated with anti-AEG-1, anti-Ki67, and anti-MMP-9 antibodies overnight at 4°C. Sections were then rinsed in PBS and incubated with either Alexa Fluor 488-or Alexa Fluor 546-conjugated anti-chicken antibodies for detection of AEG-1. Ki-67 was detected with Alexa Fluor 546-conjugated anti-rabbit antibodies and MMP-9 was detected with Alexa Fluor 488-conjugated anti-goat IgG (Molecular Probes; Invitrogen). The sections were mounted in VECTASHIELD Fluorescence Mounting Medium containing 4′,6-diamidino-2-phenylindole (Vector Laboratories). Images were analyzed using an Olympus immunofluorescence microscope. AEG-1, MMP-2, and CD31 were also detected in the sections of normal brain and brain tumor samples by avidin-biotin-peroxidase complexes with 3,3′-diaminobenzidine (brown/ purple) substrate solution (Vector Laboratories). For tissue microarray (CS17-01-001, Cybrdi), the slides were processed according to the manufacturer's instructions and were labeled with AEG-1 antibody as described above. Alexa Fluor 488-conjugated anti-chicken antibody was used for the detection of AEG-1. The primary antibodies used were anti-AEG1 (1:500, chicken polyclonal, used in single and double immunofluorescence labeling), anti-AEG-1 [1:200, rabbit polyclonal; Zymed, used in single immunohistochemistry (IHC) staining], anti-ki67 (1:100, rabbit polyclonal; Abcam), anti-MMP-2 (1:100, rabbit polyclonal; Abcam), anti-MMP-9 (1:200, goat polyclonal; Santa Cruz Biotechnology, Inc.), and anti-CD31 (1:100, mouse monoclonal; Vector Laboratories).
Preparation of Whole-Cell Lysates and Western Blot Analysis
Preparation of whole-cell lysates and Western blot analysis was done as described in ref. (13) . The antibodies used were anti-AEG-1 (1:1,000, chicken polyclonal; ref. 9 ) and anti-EF1α (1:1,000; Upstate Biotechnology). For densitometric evaluation, X-ray films were scanned and analyzed with ImageJ software (NIH).
Small Interfering RNA and Lentivirus Construction AEG-1 small interfering RNA (siRNA; ref. 12) was generated by using the Silencer siRNA Construction kit (Ambion) according to the manufacturer's instructions. The 19-bp AEG-1 sequence used to generate AEG-1 shRNA is 5′-CAGAAGAAGAAGAACCGGA-3′. Detailed description of lentivirus vector production was described previously (24) .
Anchorage-Independent Growth Assay in Soft Agar
Anchorage-independent growth assay was performed by seeding 1 × 10 5 cells in 0.4% Noble agar on a 0.8% agar base layer with growth medium. Colonies were counted 2 wk after seeding, and the data from triplicate determinants were expressed as mean ± SEM.
Colony Formation in Monolayer
9L rat gliosarcoma cells were plated at a density of 1 × 10 6 cells per 6-cm dish and were transfected with 50 nmol/L of control or AEG-1 siRNA 1 d later. After 2 d, the cells were trypsinized and counted, and 200 cells were plated in 6-cm dishes. Colonies of >50 cells were scored after 14 d.
Invasion Assay
Invasion was measured by using 24-well BioCoat cell culture inserts (BD) with an 8-μm-porosity polyethylene terephthalate membrane coated with Matrigel Basement Membrane Matrix (100 μg/cm 2 ; BD). In brief, the Matrigel was allowed to rehydrate for 2 h at room temperature by adding warm, serum-free DMEM. The wells of the lower chamber were filled with medium containing 5% fetal bovine serum. Cells (5 × 10 4 ) were seeded in the upper compartment (6.25-mm membrane size) in serum-free medium. The invasion assay was done at 37°C in a 5% CO 2 humidified incubator for 22 h. At the end of the invasion assay, filters were removed, fixed, and stained with the Diff-Quick Staining kit (IMEB). Cells on the upper surface of the filters were removed by wiping with a cotton swab, and invasion was determined by counting the cells that migrated to the lower side of the filter using a microscope at ×100 magnification.
Gelatin Zymography
MMP activities were determined by gelatin zymography. Fifty micrograms of protein were incubated at 37°C for 30 min in SDS sample buffer without reducing agent and were then electrophoresed on a 9% SDS-polyacrylamide gel containing 0.2% gelatin at 4°C (25) . After electrophoresis, the gel was washed in 2.5% Triton X-100 for 1 h at room temperature to remove SDS, and was then incubated for 24 h at 37°C in 50 mmol/L Tris-HCl (pH 7.5) containing 0.15 mmol/L NaCl, 10 mmol/L CaCl 2 , and 0.02% NaN 3 . The gel was stained with 0.5% Coomassie brilliant blue R250, destained with 30% methanol and 10% acetic acid in water, and photographed.
Transient Transfection and Luciferase Assays
A total of 1 × 10 5 9L cells were seeded per well in 24-well plates and transfected with 1 μg of total DNA (either pGL3-Basic, pGL3-MMP-2 or pGL3-MMP-9, and β-galactosidase) by using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. Luciferase assays were done as described in ref. (13) . Luciferase activity was normalized by β-galactosidase activity and the data presented are the fold activation relative to pGL3-Basic. Data presented as mean ± SD from three independent experiments performed in duplicate or triplicate.
Intracranial Implant of GBM 12 Cells in Nude Mice
Athymic female NCr-nu/nu mice (NCI-Fredrick; n = 5 for each group) weighing ∼20 g were used for this study. Mice were maintained under pathogen-free conditions in facilities approved by the American Association for Accreditation of Laboratory Animal Care and in accordance with current regulations and standards of the U.S. Department of Agriculture, Washington, DC, the U.S. Department of Health and Human Services, Washington, DC, and the NIH, Bethesda, MD. GBM12 glioma cell lines were originally derived from patients at the Mayo Clinic (Rochester, MN; ref. 22 ).
GBM12 cells were cultured in DMEM supplemented with 5% (v/v) FCS and 100 μg/mL (1% v/v) penicillin-streptomycin. Cells were incubated in a humidified atmosphere of 5% (v/v) CO 2 at 37°C. Mice were anesthetized through i.p. administration of ketamine (40 mg/kg) and xylazine (3 mg/kg), and immobilized in a stereotactic frame (KOPF). A 24-gauge needle attached to a Hamilton syringe was inserted into the right basal ganglia to a depth of 3.5-mm and then withdrawn 0.5-mm to make space for tumor cell accumulation. The entry point at the skull was 2-mm lateral and 1-mm dorsal to the bregma. Intracerebral injection of 0.5 × 10 6 GBM12 glioma cells infected with lentivirus expressing either control siRNA or AEG-1 siRNA in 2 μL of DMEM was done over 10 min. The skull opening was enclosed with sterile bone wax and the skin incision was closed using sterile surgical staples.
Luciferase Imaging of GBM12-Luciferase Cells Implanted in Athymic Mice Brains
GBM12 cells were stably transfected to express luciferase and were kindly provided by Dr. C. David James (University of California, San Francisco, CA). Five hundred thousand GBM12-luciferase (LUC) cells were implanted into every athymic mouse brain. Mice were scanned at day 21, 28, and 42 after implantation using an Olympus OLY-750 color CCD camera with imaging software.
Statistical Analysis
All of the experiments were done at least three times. The results are expressed as mean ± SD. Statistical comparisons were made using an unpaired two-tailed Student's t test and ANOVA. Differences with a P value of <0.05 were considered statistically significant. 
Results

AEG-1 Is Highly Expressed in Glioma Cell Lines and Patient-Derived Brain Tumor Samples, Including GBMs
To analyze expression of AEG-1 in brain tumor cell lines, Western blot analysis was done in a panel of glioma cell lines. AEG-1 was highly expressed in the established glioma cell lines U87, U251, U373, H4, and T98G, and also in two primary GBM cell lines (GBM6 and GBM12) compared with PHFA (Fig. 1A) . [12] [13] [14] to correct for variation in the amount of protein. The expression level of AEG-1 protein present in brain tumors varied, but was increased (3-to 10-fold compared with normal brain) in >90% of the brain tumors with the highest median observed in GBM tissues (Fig. 1B and C) . Immunohistochemical staining was used to evaluate AEG-1 expression in formalin-fixed, paraffin-embedded sections of normal brain and various brain tumors. As shown in Fig. 1D , the normal brain tissue was negative for AEG-1 except for the sparse cytoplasmic staining in a few glial cells and neurons. In contrast, strong staining for AEG-1 occurred in the malignant glioma cells and also in tumor cells in recurrent meningioma, ependydoma, and others (Fig. 1D) . These results indicate that AEG-1 expression is notably increased in diverse brain tumors including gliomas.
The Expression of AEG-1 Is More Intense in GBM Cells than in Astrocytoma Cells
Next, we analyzed whether there is any association of AEG-1 expression with glioma progression. As shown in Fig. 2A , AEG-1 expression is stronger in GBM samples than in astrocytoma samples. These results were confirmed in a glioma tissue microarray (Fig. 2B) . Immunofluorescence studies show that although there is almost no staining for AEG-1 in normal brain, there is significant expression of AEG-1 in grade III astrocytoma with a further increase in GBMs. To further examine the role of AEG-1 Figure 3 . AEG-1 expression is more prominent in the invasive margin of rat glioma, and AEG-1 expression is associated with MMP-2, MMP-9, and CD31 expression in human glioma tissue. A, L9 rat glioma cells were implanted in syngeneic rats. Immunofluorescence studies (left, green) and immunohistochemical studies (right, brown) were done in sections containing tumor and adjacent normal brain. B, the sections of normal brain (NB) and GBM were immunostained for AEG-1 (red) and MMP-9 (green). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). C, serial sections of formalin-fixed, paraffin-embedded normal brain and GBM were stained with a rabbit polyclonal AEG-1 and a rabbit polyclonal MMP-2. Signals were developed with 3,3′-diaminobenzidine chromogen (brown, AEG-1) or vector very intense purple (purple, MMP-2) and counterstained with hematoxylin. D, the sections of normal brain and GBM were immunostained for AEG-1 and the endothelial cell marker CD31. Immunohistochemical analysis showed complete overlap of AEG-1 and CD31 in tumor blood vessel. expression in cancer progression, the expression patterns of AEG-1 and Ki67 were analyzed in normal and GBM tissues. As shown in Fig. 2C , Ki67 was barely expressed in the low-AEG-1-expressed area, whereas areas with high AEG-1 levels showed intense expression of Ki67. Figure 5 . AEG-1 inhibition by siRNA decreases Matrigel invasion of glioma cells by modulating MMP-2 and MMP-9. A, U87 and 9L cells were transfected with either control siRNA (siCon) or AEG-1 siRNA (siAEG-1), and then 5 × 10 4 cells were seeded onto the upper chamber of a Matrigel invasion chamber system in the absence of serum. Twenty hours after seeding, the filters were fixed, stained, and photographed. B, quantitation of the invasion assay. Columns, mean of three independent experiments. *, P < 0.05 versus control siRNA-treated cells. C, zymography analyses of MMP-2 and MMP-9 activities in supernatants collected from control or AEG-1 siRNA-treated U87 and L9 glioma cells. D, 9L cells were transfected with either control or AEG-1 siRNA. The next day, cells were transfected with pGL3-Basic, pGL3-MMP-2 promoter or pGL3-MMP-9 promoter, and pSV-β-galactosidase vectors, and 48 h later, luciferase and β-galactosidase activities were determined as described in Materials and Methods. Values are presented as fold normalized activity relative to that of empty vector pGL3-Basic taken as 1. Columns, mean of three independent experiments; bars, SEM. *, P < 0.05 versus control siRNA-treated cells. A hallmark of highly malignant human glioma is their rapid invasive growth into the surrounding brain parenchyma. To analyze the expression of AEG-1 in the invasive margin of malignant gliomas, we established a syngeneic rat glioma model. Rat 9L glioma cells were implanted in rat brain and sections containing the implanted tumor and normal adjacent rat brain tissue were stained for AEG-1. The expression of AEG-1 was significantly increased in the invasive margin of the tumor when compared with the normal brain (Fig. 3A) , indicating that AEG-1 expression is higher in the invading tumor cells. Next, we performed immunofluorescence and IHC staining of AEG-1, MMP-2, and MMP-9 (key regulators of glioma invasion) in sections of normal brain and human GBM. As shown in Fig. 3B and C, both MMP-2 and MMP-9 were significantly overexpressed in glioma sections as previously reported (26, 27) . Staining of AEG-1 in consecutive sections clearly indicated that AEG-1 expression strongly associated with expression of MMP-2 and MMP-9 in human glioma tissues ( Fig. 3B and C) .
The Expression of AEG-1 in GBM Is More Profound in the Invasive Margin of Tumors and Its Aberrant Expression Is Associated with Elevated Levels of the Invasive Molecules MMP-2 and MMP-9, and the Angiogenic Molecule CD31
Recent studies suggest that AEG-1 might induce angiogenesis in vitro and in vivo (28, 29) . To examine the expression of AEG-1 in glioma tumor vessels, we performed IHC for AEG-1 and CD31 (a marker of angiogenesis) in consecutive tissue sections of normal brain and human GBM. Overlapping AEG-1 and CD31 staining was observed in tumor vessels (Fig. 3D) , further supporting a potential role of AEG-1 in tumor angiogenesis.
Knockdown of AEG-1 in Glioma Cells Inhibits Cloning Efficiency and Enhances Sensitivity to Chemotherapeutic Agents
We next examined the effects of loss-of-expression of AEG-1 using gene-specific siRNA on the growth of U87 and 9L glioma cells. Earlier studies from our group and others established the involvement of AEG-1 in cellular growth and invasion in various cancer cells (13) (14) (15) (16) (17) 20) . To study whether similar activities occurred in glioma cells, we blocked AEG-1 expression in 9L rat glioma and U87 human malignant glioma cells using siRNA. As shown in Fig. 4B and C, AEG-1 siRNA significantly decreased cloning efficiency and colony formation in monolayer cultures of U87 and 9L cells, respectively. Additionally, we tested if knockdown of AEG-1 could sensitize glioma cells to chemotherapeutic agents. T98G and U87 cells were exposed to docetaxel after transfection with control and AEG-1 siRNA for 96 hours. As shown in Fig. 4D , glioma cells transfected with AEG-1 siRNA were more sensitive to docetaxel than cells transfected with control siRNA. These results suggest that AEG-1 could be involved in glioma cell proliferation as well as drug resistance of glioma.
Knockdown of AEG-1 Inhibits Invasion and MMP-2 and MMP-9 Activity in Glioma Cells
The central role of AEG-1 in the invasion of various cancers has been reported (13) (14) (15) (16) (17) . In agreement with the previous reports, we show here that AEG-1 siRNA significantly inhibited the invasive ability of 9L and U87 glioma cells (Fig. 5A and B) . Studies from both in vitro and in vivo tumor model systems have suggested a link between the increased expression and activation of several MMPs such as MMP-2 and MMP-9 and malignant glioma invasiveness (30, 31) . The MMPs produced by the tumor, endothelial, and/or stromal cells degrade extracellular matrix at the invasive front of the glioma cells, thus removing the extracellular matrix barrier, allowing subsequent tumor cell migration into newly created, more permissive spaces in the adjacent brain structures (32, 33) . To investigate the effects of AEG-1 on MMP activation, we performed gelatin zymography assays. As shown in Fig. 5C , AEG-1 siRNA significantly decreased MMP-2 and MMP-9 activity in both glioma cells. Additionally, we analyzed the effects of AEG-1 siRNA on MMP-2 and MMP-9 promoter activity in 9L glioma cells. Knockdown of AEG-1 by siRNA significantly inhibited the promoter activity of MMP-2 and MMP-9 in 9L glioma cells, suggesting that the effect of AEG-1 on these genes involved transcriptional activation (Fig. 5D) . These results indicate that AEG-1 may play a key role in glioma invasion by modulating MMPs.
Effects of AEG-1 siRNA on Human Primary GBM Cell Tumorigenicity in a Mouse Intracranial Xenograft Model
To examine the in vivo function of AEG-1 in gliomagenesis, athymic nude mice were injected intracranially with GBM12 cells that had been genetically engineered to express luciferase and were transduced with lentivirus expressing either control or AEG-1 siRNA. Mice were scanned twice weekly for 6 weeks after intracranial implant. Treatment of GBM12 tumors with AEG--1 siRNA significantly reduced the luciferase activity within the tumor earliest at 3 weeks after implant, and in one animal implanted with AEG-1 siRNA-transduced GBM12 cells, the tumor was almost undetectable (Fig. 6A) . Further scanning at 4 and 6 weeks after implant revealed a similar reduced luciferase activity as observed at 3 weeks. To confirm the efficacy of AEG-1 siRNA in vitro, the remainder of implanted lenti-AEG-1 siRNA-transduced GBM12 cells was plated for cloning efficiency and Western blot analysis. Western blot analysis revealed that treatment with lenti-AEG-1 siRNA significantly reduced AEG-1 expression (∼50% of lenti-control siRNA-treated cells). Knockdown of AEG-1 also significantly inhibited the cloning efficiency of GBM12 cells in soft agar (Fig. 6C  and D) . These results suggest that AEG-1 could be a therapeutic target for glioma.
Discussion
Although the diverse roles of AEG-1 in tumor progression in multiple cancers are now being elucidated, investigations of its function in brain tumorigenesis remains unclear. We presently provide definitive evidence that elevated AEG-1 expression is a common event in brain tumors of diverse origin, including GBM. Moreover, knockdown of AEG-1 expression significantly inhibits the growth of human and rat glioma cells in vitro and significantly suppresses the invasive ability of glioma cells by modulating MMP-2 and MMP-9 activity. Additionally, AEG-1 inhibition significantly abrogates intracranial tumor growth in nude mice. Taken together, these results indicate that AEG-1 overexpression is a frequent alteration in brain tumors of multiple origins, and overexpression of AEG-1 correlates with increased glioma cell proliferation and tumorigenicity. Moreover, inhibiting AEG-1 expression translates into suppression of transformationassociated properties and decreased intracranial tumor growth in vivo, suggesting that AEG-1 could be a novel target for the therapy of malignant glioma and other types of brain cancers.
Recent studies have implicated AEG-1 overexpression as an important event in multiple types of cancer. Aberrant AEG-1 expression has been observed in several solid tumors including breast, prostate, esophageal carcinoma, and neuroblastoma (15, 17, 19, 20) . In addition, we showed that AEG-1 expression is increased with the stages and grades of the disease in >90% of the hepatocellular carcinoma samples analyzed (16) . Additionally, AEG-1 can enhance survival of normal cells under conditions of serum-starvation, induce an aggressive tumorigenic phenotype in immortal cloned rat embryo fibroblasts, and promote tumor angiogenesis (29, 34) . All these observations suggest that AEG-1 may potentially act as an oncogene in various cancer types. To investigate whether the upregulation of AEG-1 is also related to the progression of malignant glioma, we presently performed IHC and Western blot analysis to characterize AEG-1 expression in commercially available tissue microarrays and in clinical archival astrocytoma and glioma tissues. These results show that AEG-1 is expressed at higher levels in glioma tissues compared with astrocytoma tissues. These studies are now being expanded with a larger number of clinical samples to validate the prognostic significance of AEG-1 in glioma.
In addition to vasculature remodeling and destruction of the surrounding normal brain tissue, local invasive infiltration and growth are key features of GBM. The invasive character of glioma seems to depend partly on the proteolytic destruction of the extracellular matrix. Several studies have indicated that proteases are involved in tumor growth and invasion at the primary and metastatic sites (33, 35) . Previous observations suggest that MMP-2, MMP-9, and MT1-MMP are present at elevated levels in several glioma cell lines and surgical specimens. In the present study, we show that elevated AEG-1 expression in glioma specimens is associated with increased expression of MMP-2 and MMP-9. Additionally, we found that AEG-1 siRNA significantly inhibits MMP-2 and MMP-9 activation blocking glioma invasion. These data provide a direct link between the induction of these proteolytic enzymes by AEG-1 and the induction of invasive properties in GBM cells.
Previously, we have reported that AEG-1 is a significant positive regulator of NF-κB and activation of NF-κB by AEG-1 represents a key molecular mechanism by which AEG-1 promotes anchorage-independent growth and invasion in malignant glioma cells (13, 14) . Aberrant or constitutive activation of NF-κB has been documented in human malignant gliomas (36) (37) (38) . The observation that NF-κB is constituvely active in many glioma cells emphasizes a vital role of AEG-1 in the induction of NF-κB and in the regulation of aggressive properties of malignant gliomas. When AEG-1 was inhibited by siRNA, p65 could associate with the interleukin-8 promoter, whereas the association of AEG-1 as well as CBP was significantly reduced. This indicates that AEG-1 might function as a bridging molecule between p65 NF-κB and CBP and the basal transcription machinery, thus facilitating transcriptional activation of NF-κB downstream genes necessary for migration and invasion (14) .
Because AEG-1 might play an important role in glioma cell growth and survival, we explored the potential therapeutic role of AEG-1 in combination with a chemotherapeutic drug. We found that knockdown of AEG-1 significantly enhanced the cytotoxicity of docetaxel in human glioma cells. Docetaxel is a tubulin-stabilizing agent currently used for the therapy of metastatic breast cancer, prostate cancer, and non-small cell lung cancer (39) . Our results suggest that docetaxel chemotherapy could be efficacious in glioma cells when administered in combination with AEG--1 siRNA. This possibility remains to be determined because docetaxel has not been used clinically in GBM. Studies are in progress to ascertain if there are beneficial effects of AEG-1 inhibition when combined with temozolomide, a chemotherapeutic widely used in malignant glioma cells.
A key finding of the present study is that knockdown of AEG-1 by a lentivirus-based siRNA approach significantly inhibits GBM12 cell growth in vivo. Further studies using lentivirus-or adenovirus-expressing AEG-1 siRNA will be necessary in established tumors in the brain of nude and syngeneic animals to confirm potential therapeutic efficacy of this approach. Targeting AEG-1 by lentivirus-based siRNA approaches or by small-molecule inhibitors in combination with radiotherapy and chemotherapy might produce extended survival benefits in malignant glioma patients and significantly improve the outcome of patients afflicted with this aggressive and invariably fatal disease.
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